Fragile X premutation-associated disorders, including Fragile X-associated Tremor Ataxia Syndrome, result from unmethylated CGG repeat expansions in the 5 ′ untranslated region (UTR) of the FMR1 gene. Premutation-sized repeats increase FMR1 transcription but impair rapid translation of the Fragile X mental retardation protein (FMRP), which is absent in Fragile X Syndrome (FXS). Normally, FMRP binds to RNA and regulates metabotropic glutamate receptor (mGluR)-mediated synaptic translation, allowing for dendritic synthesis of several proteins. FMRP itself is also synthesized at synapses in response to mGluR activation. However, the role of activity-dependent translation of FMRP in synaptic plasticity and Fragile X-premutationassociated disorders is unknown. To investigate this question, we utilized a CGG knock-in mouse model of the Fragile X premutation with 120 -150 CGG repeats in the mouse Fmr1 5 ′ UTR. These mice exhibit increased Fmr1 mRNA production but impaired FMRP translational efficiency, leading to a modest reduction in basal FMRP expression. Cultured hippocampal neurons and synaptoneurosomes derived from CGG KI mice demonstrate impaired FMRP translation in response to the group I mGluR agonist 3,5-dihydroxyphenylglycine. Electrophysiological analysis reveals enhanced mGluR-mediated long-term depression (mGluR-LTD) at CA3 -CA1 synapses in acute hippocampal slices prepared from CGG KI mice relative to wild-type littermates, similar to Fmr1 knockout mice. However, unlike mGluR-LTD in mice completely lacking FMRP, mGluR-LTD in CGG knock-in mice remains dependent on new protein synthesis. These studies demonstrate partially overlapping synaptic plasticity phenotypes in mouse models of FXS and Fragile X premutation disorders and support a role for activity-dependent synthesis of FMRP in enduring forms of synaptic plasticity.
INTRODUCTION
Fragile X Syndrome (FXS) is the most common known monogenic cause of autism and intellectual disability, affecting upwards of 1 in 4000 boys and 1 in 8000 girls (1, 2) . FXS results from the expansion of a CGG microsatellite repeat in the 5 ′ untranslated region (UTR) of the FMR1 gene on the X chromosome. In humans, this sequence is normally ,45 CGG repeats. Expansions to .200 repeats trigger hypermethylation of the repeat and FMR1 promoter, resulting in transcriptional silencing of the FMR1 gene and the absence of the Fragile X mental retardation protein (FMRP), (3) (4) (5) (6) (7) .
FMRP is an RNA-binding protein that regulates activitydependent translation of associated transcripts at the synapse (8) . Mice lacking FMRP (Fmr1 KO mice) exhibit specific defects in synaptic signaling mediated through group I metabotropic glutamate receptors [mGluRs; (9) ]. At CA3 -CA1 † The authors contributed equally to this work. synapses in the hippocampus, mGluR activation normally leads to a long-term depression (LTD) of synaptic efficacy that requires new dendritic protein synthesis (10) (11) (12) (13) . mGluR agonists trigger rapid FMRP dephosphorylation and degradation, which allows synaptic translation of FMRP-associated transcripts (14) (15) (16) . In mice lacking FMRP, mGluR-LTD is enhanced and no longer requires new protein synthesis, and mGluR agonists fail to trigger the translation of FMRP target mRNAs (9, 13, 15, 17, 18) . The absence of FMRP is thought to decouple mGluR 1/5 activity from protein translation, such that basal dendritic translation of these target mRNAs is increased, but mGluR-coupled dendritic translation is lost (19) .
One of the dendritically localized transcripts whose translation is regulated by mGluR signaling is FMRP itself (16, 17, 20, 21) . Although the function of this newly synthesized FMRP is unknown, it has been proposed to act as a brake on local protein production, hence constraining LTD by limiting the new translation of LTD effector proteins (19, 22) . A critical prediction of this model is that the magnitude of LTD should be enhanced by diminished mGluR-dependent translation of FMRP. Despite its appeal, and its consistency with studies using the Fmr1 knockout mouse as an experimental model, this idea has never been directly tested.
'Premutation' expansions at the FMR1 locus to between 55 and 200 CGG repeats are associated with the age-related neurodegenerative condition Fragile X-associated Tremor Ataxia Syndrome (FXTAS) (23) (24) (25) (26) . This disorder, characterized clinically by gait ataxia, action tremor, dementia and neuropsychiatric symptoms, occurs in 40% of male premutation carriers over the age of 50 (27) . However, premutation range repeats are relatively common in the population [estimates upwards of 1:813 males and 1:259 females (28, 29) ], and have the potential to significantly influence the risk of other human diseases. Recent studies in young premutation carriers demonstrate higher rates of autism and attention deficit hyperactivity disorder (ADHD)-like symptoms in the absence of FXTAS symptoms (30) (31) (32) (33) (34) (35) (36) and FXS phenotypes have been reported in larger premutation and unmethylated full mutation carriers who produce FMR1 mRNA but inefficiently translate FMRP (37) (38) (39) (40) (41) (42) (43) .
Unlike full mutation expansions, premutation-sized repeats are unmethylated and over-transcribed, leading to a 2 -8-fold elevation in the production of FMR1 mRNA (44 -46) . However, the CGG repeat expansion forms a hairpin loop in the 5 ′ UTR of the RNA transcript that impairs ribosomal scanning and induces significant translational inefficiency (47 -50) . This leads to low-normal or decreased basal FMRP expression in Fragile X-premutation carriers, depending on the repeat size (47, 51) . The neurodegeneration seen in FXTAS and other age-related premutation phenotypes are thought to result primarily from an RNA gain-of-function mechanism (52) (53) (54) . In contrast, work in two independently generated FMR1 premutation mouse models suggests an additional role for FMRP insufficiency in aspects of the premutation phenotype, especially in younger animals that do not yet demonstrate neurodegenerative sequelae (55) (56) (57) (58) . Defects in these mice include alterations in neuronal migration, dendritic branching, synaptic activity in cultured neurons, and behavioral defects including altered performance on measures of anxiety and social interaction (58) (59) (60) .
Given the known critical roles for FMRP in synaptic function and the translational inefficiency induced by CGG repeat expansions, we hypothesized that mice with large unmethylated CGG repeat expansions would exhibit a specific defect in their ability to rapidly translate FMRP at synapses. A defect in activity-dependent synthesis of FMRP would allow for the analysis of the function of newly produced synaptic FMRP, including its role in long-lasting forms of synaptic plasticity. We therefore evaluated dendritic FMRP synthesis and synaptic function in a premutation mouse model where a CGG repeat expansion has been knocked into the mouse Fmr1 locus (58, 60) .
Here, we show that mice with 120-150 CGG repeats in the mouse Fmr1 5 ′ UTR have modestly reduced basal FMRP expression despite elevated Fmr1 mRNA levels, consistent with a robust impairment in translational efficiency. Strikingly, these animals exhibit impaired mGluR-dependent translation of dendritic FMRP. Young CGG KI mice exhibit normal basal synaptic properties, but enhanced mGluR-LTD, as in Fmr1 KO mice (9) . However, the mechanism underlying this functional alteration is distinct from that in Fmr1 KO animals, as mGluR-LTD in CGG KI mice remains dependent on new protein synthesis. Our results provide a link between local FMRP synthesis and mGluR-dependent synaptic plasticity, and raise the possibility that some aspects of the cognitive defects observed in premutation carriers and unmethylated FXS patients may result from altered activity-dependent translation of FMRP.
RESULTS

Reduced FMRP translational efficiency in premutation model mice
To evaluate the neurobiological effects of 'premutation' range CGG repeats in the Fmr1 gene, we utilized a mouse model of the Fragile X premutation which contains 120-150 CGG repeats knocked-in to the endogenous mouse Fmr1 5 ′ UTR [CGG KI, (60) (Fig. 1B and data not shown) . Despite this increase in mRNA, FMRP expression is significantly reduced in both CGG KI cortex (P28-37, WT 100 + 10.09%, KI 37.50 + 4.37%, P , 0.05, n ¼ 5; Fig. 1C ) and hippocampus (P35-60, WT 100 + 17.00%, KI 44.93 + 14.71%, P , 0.05, n ¼ 5; Fig. 1D ) from young animals compared with littermate controls. To determine the relative translational efficiency of Fmr1 mRNA in cortical tissues, we created a ratio of total FMRP/relative Fmr1 mRNA from the same animals. Using this analysis, we find that the efficiency of Fmr1 mRNA translation is dramatically reduced in young CGG KI mice compared with littermate controls (FMRP CTX/Fmr1 mRNA; WT 100 + 21.26%, KI 7.60 + 0.99%, P , 0.05, n ¼ 5; Fig. 1E ).
Human Molecular
Consistent with previous reports (58, 60) , FMRP is also reduced in the cortex of older (6-month-old) CGG KI mice (WT 100 + 17.57%, KI 18.57 + 2.68%, P , 0.05, n ¼ 3; Fig. 1C ) and, interestingly, when compared with WT littermates, the reduction in FMRP expression is greater in older CGG KI animals than in younger animals (1 month: KI 37.50 + 4.37%, n ¼ 5; 6 month: KI 18.57 + 2.68%, n ¼ 3; P , 0.05). This may reflect either a relatively greater decrease in FMR1 transcription in CGG KI versus WT mice with age or could result from somatic instability that is known to occur in these mice (61, 62) .
Activity-dependent synaptic translation of FMRP is impaired in CGG KI mice
To examine the sub-cellular distribution of FMRP in CGG KI neurons, we generated dissociated hippocampal neurons from CGG KI and WT littermate controls (P1 -3). Neurons were probed with antibodies to FMRP on day in vitro (DIV) 14-17 ( Fig. 2A) , and FMRP expression in somatic and dendritic regions was assessed. FMRP expression was reduced in both the cell soma and proximal dendrite by similar amounts (soma: WT 100 + 5.74%, KI 49.82 + 2.69%, P , 0.05; dendrite: WT 100 + 4.63%, KI 66.87 + 2.94%, P , 0.05, n ¼ 23-24 neurons from 2 animals; Fig. 2B-D) , suggesting that, while FMRP expression is lower, what FMRP is expressed in CGG KI neurons is appropriately distributed.
The reduced efficiency of Fmr1 mRNA translation in CGG KI mice suggests that rapid, mGluR-dependent synthesis of FMRP might also be disrupted in the CGG KI mice. To address this question, we first examined changes in FMRP expression upon mGluR1/5 stimulation in synaptoneurosomes (SNs), a biochemical preparation enriched for synaptic components and often used as a means to examine protein synthesis Fig. 3C and D).
To further assess mGluR-dependent FMRP translation in CGG KI neurons, we took advantage of mice expressing green fluorescent protein (GFP) on the X chromosome to generate hippocampal cultures where neurons harboring the premutation are intermingled with normal length CGG repeat WT neurons ( Fig. 4A -C ). This approach allows us to evaluate cell-autonomous roles of the premutation by comparing CGG KI neurons with neighboring WT neurons in the same culture, a strategy similar to that used previously for other X-linked mutations (15, (63) (64) (65) . Mice expressing GFP on the X chromosome were crossed with CGG KI mice to generate heterozygous XGFP/CGG KI females (Fig. 4A ). This cross generates females possessing one WT X chromosome with a normal copy of Fmr1 and GFP and one X chromosome with a premutation range CGG repeat knocked-in to the Fmr1 allele, but no GFP. Owing to X-inactivation, roughly half the neurons will inactivate the CGG KI X chromosome and express normal Fmr1 mRNA along with GFP. The remaining neurons will inactivate the GFP-expressing chromosome and instead express the CGG KI Fmr1 allele. Analysis of dissociated neuronal cultures and histological staining of hippocampi shows roughly equal proportions of GFP+ and GFP2 cells in both XGFP/WT and XGFP/KI female mice ( Fig. 4B and data not shown).
We first confirmed the effects of CGG repeat expansions on basal FMRP expression in XGFP/CGG KI cultures. GFP(2)/ CGG KI(+) neurons exhibit reduced FMRP immunoreactivity in mixed XGFP/CGG KI cultured networks at DIV 14 -17 compared with neighboring GFP(+)/FMR1 WT neurons ( Fig. 4C -E) . Consistent with studies in non-mosaic neuronal cultures ( Fig. 2 ), these effects were seen both in the soma (WT 100 + 4.79%, KI 30.07 + 1.70%, P , 0.05, n ¼ 14 -24 neurons; Fig. 4D and E) and in both proximal and distal dendritic segments of CGG KI GFP neurons (0 -40 mm: WT 100 + 8.65%, KI 46.46 + 7.03%; 40-80 mm: WT 100 + 17.22, KI 51.47 + 5.92%; 80-120 mm: WT 100 + 15.05%, KI 55.05 + 5.36%, P , 0.05, n ¼ 13-23 neurons; Fig. 4D ). The total amount of FMRP detected decreases with distance from the cell soma in both control and CGG KI neurons. However, the relative difference in expression of basal FMRP between WT and CGG KI neurons is smaller in proximal and distal dendritic compartments than in the cell soma, suggesting that decreases in FMRP reflect a primary failure in translational efficiency rather than a breakdown in FMRP transport into dendrites. We next examined whether the premutation had a cell-autonomous effect on mGluR-initiated translation of new FMRP. XGFP/CGG KI cultures were stimulated with DHPG (100 mM, 20 min) prior to FMRP and Map2 immunostaining. After mGluR activation, WT neurons showed a significant increase in dendritic FMRP immunoreactivity (Control: WT 100 + 6.85%; DHPG: WT 133.74 + 11.46%, P , 0.05; Enhanced mGluR-LTD in hippocampal slices prepared from CGG knock-in mice
Since mGluR-dependent translation is critical for certain forms of synaptic plasticity that are altered in FXS model mice, we next tested whether there was any overlap between the synaptic plasticity phenotypes in Fmr1 KO mice and Field excitatory postsynaptic potentials (fEPSPs) were evoked by stimulating Schaffer collaterals and recording in stratum radiatum of area CA1. In response to a series of stimulation pulses of increasing intensity, we found that the corresponding increase in fEPSP slope was nearly identical in WT and CGG KI mice (Fig. 5A ). These largely overlapping input/output curves show that CGG KI mice do not exhibit alterations in basal synaptic efficacy relative to WT mice. In addition, we tested whether paired pulse facilitation, a measure of short-term synaptic plasticity and presynaptic function, was altered in CGG KI mice. In response to pairs of stimulation pulses with varying inter-pulse intervals, WT and CGG KI mice exhibited similar robust facilitation of the second synaptic response at all intervals (Fig. 5B) , suggesting that the neurotransmitter release probability is largely similar between the two genotypes. Hence, basal synaptic function is similar between CGG KI mice and their WT littermates. Our results suggest that premutation range repeats impair FMRP translation even in young mice, raising the question of whether this loss of new FMRP synthesis might mimic aspects of the FXS phenotype. To test this idea, we next examined mGluR-dependent LTD at these CA3 -CA1 synapses. After confirming that evoked fEPSPs were stable over time, LTD was induced by brief application of DHPG (100 mM, 10 min; Fig. 6 ). As previously described, DHPG treatment induced a sustained depression of fEPSPs in WT slices that persisted well beyond drug application (Fig. 6) . Interestingly, we found that this mGluR-dependent LTD was significantly exaggerated in slices from CGG KI mice (Fig. 6A) , a synaptic phenotype that is similar to Fmr1 KO mice (9) . These results demonstrate that, even during early life, the expanded premutation CGG repeat in the Fmr1 gene leads to altered hippocampal synaptic plasticity.
Enhancement of mGluR-LTD in premutation and FXS model mice are mechanistically distinct
Like young CGG KI mice, Fmr1 KO mice also exhibit enhanced mGluR-LTD (9) . Since this exaggerated mGluR-LTD in FXS model mice is thought to contribute to intellectual disability and/or autistic features in FXS, it was of interest to determine to what extent the exaggerated LTD in each case was due to similar or distinct mechanisms. To explore this issue, we examined whether protein synthesis inhibitors would impair the induction of mGluR-LTD in CGG KI and Fmr1 KO mice. In WT mice, mGluR-LTD requires rapid dendritic protein synthesis for its induction (12) , whereas mGluR-LTD in Fmr1 KO mice is completely resistant to protein synthesis inhibitors (13, 16) . Consistent with these findings, we found that the magnitude of mGluR-LTD in Fmr1 KO mice was not affected by blocking protein synthesis with anisomycin (Fig. 6B) . In contrast, the enhanced mGluR-LTD seen in young CGG KI mice was significantly diminished with anisomycin (Fig. 6C) , indicating that mGluR-LTD remains dependent on new protein synthesis in these mice, as in WT mice. Taken together, these results suggest that while young FXS and premutation model mice share the same exaggerated mGluR-LTD phenotype, the mechanism underlying this plasticity is distinct in the two mouse models.
DISCUSSION
The roles of FMRP in both normal and aberrant control of synaptic function have received considerable attention in the past two decades. This effort has been greatly facilitated by work in the Fmr1 KO mouse, which recapitulates several important features of FXS, and has been instrumental in the rapid development of novel therapeutic approaches (66) . In addition, significant advances have been made in our understanding of the molecular consequences of premutation CGG repeat expansions, which No difference is detected in paired-pulse facilitation, a measure of basal neurotransmitter release probability, between CGG KI mice and littermate WT mice at any inter-stimulus interval, suggesting that the neurotransmitter release probability at CA3 -CA1 synapses is not altered by the premutation. n ¼ 8 (WT) and 8 (CGG KI).
enhance FMR1 transcription but impair FMRP translation and elicit toxicity directly as RNA (54) . In contrast, considerably less is known about the impact of premutation range CGG repeat expansions on neuronal function. Premutation expansions do not typically lead to overt intellectual disability, but they are increasingly linked to a broad range of important clinical phenotypes in patients, including neuropsychiatric symptoms and autistic features earlier in life (23, 24, 30, (32) (33) (34) . These clinical features are recapitulated in Fragile X premutation model mice that exhibit altered social interactions and anxiety behaviors compared with littermate controls (58) . We therefore examined neuronal function in young Fragile X premutation model mice, with a specific focus on the impact of the CGG repeat on activitydependent FMRP translation.
Our results demonstrate that premutation model mice exhibit a dramatic decrease in the translational efficiency of Fmr1 mRNA that impairs rapid, activity-dependent synthesis of FMRP in dendrites. This defect in local FMRP synthesis is associated with exaggerated mGluR-dependent LTD, a phenotype first reported in Fmr1 KO mice. This shared synaptic phenotype, however, is mechanistically distinct between Fmr1 KO and premutation model mice, as mGluR-dependent LTD in CGG KI mice remains dependent on new protein synthesis ( Fig. 6B and C) . Coupled with data demonstrating altered dendritic spine morphology and development in CGG KI mice (56, 58) , our results reveal a shared defect in synaptic plasticity in FXS and premutation model mice and suggest an important role for activity-dependent FMRP synthesis at synapses in regulating the magnitude of synaptic strength.
FMRP is an RNA-binding protein found associated with stalled ribosomes (69) , where it acts primarily as a translational suppressor (67) (68) (69) . mGluR signaling induces dephosphorylation of FMRP, which then dissociates from polysome-transcript complexes and is rapidly degraded, leading to an activitydependent burst of translation of FMRP target mRNAs (Fig. 7A) (14, 70, 71) . Intriguingly, FMRP also binds and regulates the translation of its own mRNA in vitro and FMRP is rapidly synthesized at synapses in response to mGluR activation in vivo (16, 17, 20, 68, 72, 73) . The role of FMRP as a translation repressor, and the clear role of certain FMRP targets (e.g. activity-regulated cytoskeletal-associated protein; Arc) as mediators of mGluR-LTD (10, 74) , has bolstered the hypothesis that newly synthesized FMRP functions to provide negative feedback on further local translation, thus constraining the magnitude of LTD after mGluR activation (Fig. 7A) (8, 19, 22) . This notion of newly synthesized FMRP as a 'brake' on local translation is consistent with observations that mGluR-LTD and other forms of mGluR-mediated plasticity require local protein synthesis in only a brief time window after induction (12, 75) . In the complete absence of FMRP, mGluR-LTD is enhanced but no longer requires new protein synthesis (9, 13) . This has been interpreted as resulting from an uncoupling of mGluR activation and synthesis of critical mGluR-LTD effector proteins (Fig. 7B)  (8,19) . Thus, whereas synaptic levels of Arc and other LTD mediator proteins are low basally in WT neurons and increase as a result of mGluR-dependent synthesis, Arc in FMR1 KO neurons is basally elevated, but is no longer synthesized in response to mGluR activation (Fig. 7B) (15) .
In CGG KI mice, our results demonstrate that mGluR-LTD is exaggerated as in Fmr1 KO mice, but that this enhanced Figure 6 . Exaggerated mGluR-LTD in CGG KI mice is protein synthesis dependent. (A) Field EPSPs were recorded in CA1 stratum radiatum in response to Schaffer collateral stimulation. Addition of the group 1 mGluR agonist DHPG (100 mM; 10 min) induced LTD at CA3-CA1 synapses; this mGluR-LTD was significantly enhanced in CGG KI mice. n ¼ 9 (WT) and 13 (CGG KI). Inset: Shown are representative averages of four consecutive field potential waveforms from each group during the baseline period and 1 h after LTD induction. (B) mGluR-LTD in FMR1 KO mice persists in the presence of the protein synthesis inhibitor anisomycin (20 mM), as previously reported (9) . n ¼ 7 (control) and 8 (aniso). (C) In contrast, the enhanced mGluR-LTD in CGG KI mice remains sensitive to protein synthesis inhibitors. n ¼ 13 (control) and 7 (aniso).
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Human Molecular Genetics, 2013, Vol. 22, No. 6 mGluR-LTD remains dependent on new protein synthesis, as occurs typically in WT animals (Fig. 6C) . We suggest that this protein synthesis-dependent enhancement of mGluR-LTD occurs because of a specific failure in activity-dependent FMRP production (Fig. 7C) . Although basal FMRP levels are lower in CGG KI mice, FMRP is maintained in both proximal and distal dendritic compartments at levels that are 40-60% of normal, which is above the threshold at which alterations in mGluR-triggered AMPA receptor recycling occurs (76) . This suggests that basal synthesis of FMRP, although inefficient, is adequate to achieve the suppression of translation of LTD effector proteins in the absence of mGluR activity (Fig. 7C ). However, with mGluR activation, the rapid synthesis of dendritic FMRP is significantly impaired by the CGG repeat expansion. This means that there is inadequate new FMRP produced to halt the ongoing translation of FMRP target mRNAs, leading to an overproduction of these LTD effector proteins. This overproduction of LTD effector proteins presumably drives the enhanced LTD phenotype, but unlike FMR1 KO cultures, production of these proteins remains coupled to mGluR activity, as the release of FMRP cargo transcripts is still required to initiate the LTD (Fig. 7C) . Within this framework, we propose that new translation of FMRP at synapses is critical for constraining mGluR-LTD, likely through limiting the sustained expression of LTD effectors by repressing their continued synaptic translation. However, some aspects of the effects observed here may also derive from either basal insufficiency of FMRP or from CGG repeat RNA-mediated toxic effects. Future experiments will be required to demonstrate altered synthesis of This working model makes a number of specific predictions which will be tested in future studies.
LTD effector proteins in CGG KI mice and to formally exclude contributions from these additional factors on synaptic function in CGG KI mice. In humans, the consequences of premutation range CGG repeats are age-dependent. Of relevance, a recent study examined mGluR-dependent synaptic plasticity in aged animals (10 -13-month-old), comparing WT animals and a different mouse model of the fragile X premutation (77) . They found that aged premutation model mice exhibited weaker immediate synaptic depression following mGluR activation relative to their WT counterparts, but the level of sustained synaptic depression was similar across genotypes. In contrast, in younger animals, we find no difference in acute synaptic depression driven by mGluR activation, but a significant increase in the magnitude of enduring synaptic depression following mGluR stimulation. Although Hunsaker et al. (77) used a different Fmr1 premutation mouse model than the one employed here, these results raise the interesting possibility that the impact of the Fmr1 premutation may evolve as a function of age. One possibility is that the effects of enhanced mGluR-LTD on the development of childhood and early-adult-onset phenotypes in premutation carriers may be dissociable from the development of late-adult-onset FXTAS in premutation carriers, where RNA-mediated toxicity and neurodegeneration might be expected to have a greater impact.
In this work, we focused on the features of mGluR-LTD in young premutation model mice, given that exaggerated hippocampal mGluR-LTD in Fmr1 KO mice is widely considered relevant to the intellectual disability and autistic symptoms seen in FXS. However, it is likely that Fmr1 premutation repeats may have a broader impact on neural excitability. A recent series of in vitro studies demonstrated that neurons cultured from premutation mice develop abnormal firing properties (59) . These neuronal networks exhibit clustered firing and increased Ca 2+ oscillations, as well as disruptions in neurotransmitter transport machinery (59) . Neurons derived from induced pluripotent stem cells generated from premutation carrier fibroblasts exhibit a similar increase in Ca 2+ dynamics (78) . The authors speculated that the functional deficits arise from an improper excitation/inhibition ratio created by the altered transport of glutamate and GABA. While changes in the ratio of excitation to inhibition would influence Ca 2+ dynamics and thus the firing properties of neurons, we did not find evidence of altered basal synaptic transmission in our ex vivo experiments (Fig. 5) .
Recent clinical evidence highlights potential points of confluence in symptoms found in young premutation carriers with FXS, suggesting that comparisons between FXS and premutation model mice may help to better identify specific behavioral and neurophysiological correlates of disease features. Specifically, work by a number of groups has demonstrated increased rates of autism and ADHD in premutation carriers, as well as neuropsychiatric symptoms, and executive and amygdala dysfunction (30, (79) (80) (81) (82) (83) (84) (85) (86) . This amygdala dysfunction and structural changes in premutation carriers without FXTAS correlate with lower blood FMRP expression (82) . Consistent with this, two CGG KI mouse models exhibit numerous behavioral defects that mirror those observed in Fmr1 KO animals (58, 77, 87) . We find that FXS model mice and Fmr1 premutation model mice of similar ages share an important synaptic plasticity phenotype. Our data raise the intriguing possibility that neuropsychiatric abnormalities, autism and ADHD-like symptoms in young premutation patients may be linked to the mGluR-dependent plasticity deficits examined in mouse models of these disorders. However, it should be noted that the repeat sizes studied in CGG KI mice here and elsewhere are significantly larger than that seen in the average premutation carrier, as repeats become progressively less stable with expansions above 55 repeats. These findings are therefore more relevant to those rare patients who have .100 CGG repeats or who have an unmethylated full mutation. This model may be particularly relevant to this latter category, as recent data suggests that a significant (.30%) portion of FXS patients exhibit incomplete FMR1 DNA methylation and some FMR1 RNA transcription (41) . Importantly, this epigenetic alteration correlates with clinical severity and response to some experimental therapies (41) . As clinical trials proceed in this patient population with agents that either directly or indirectly target the mGluR pathway (41, 66, 88) , it will be important to understand how mechanistic differences in different mutation states elicit altered mGluR-LTD, and incorporate this knowledge into better practice and drug development.
MATERIALS AND METHODS
Mice and cell culture
Animal use followed NIH guidelines and was in compliance with the University of Michigan Committee on Use and Care of Animals. DNA was extracted from tail biopsies and isolated with DirectPCR lysis reagent (Viagen) and proteinase K (0.2 mg/ml, Roche), incubated overnight at 558C. Proteinase K was heat inactivated and DNA samples were genotyped first with primers against the Y chromosome (5 ′ GTGAGAGGC ACAAGTTGGC, 5
′ GTCTTGCCTGTATGTGATGG) to determine the sex of each animal using Platinum w PCR Supermix (Invitrogen). To amplify the knocked-in CGG repeat expansion, we targeted mouse specific Fmr1 allele (5 ′ AGCCC CGCACTTCCACCACCAGCTCCTCCA, 5
′ GCTCAGCTCC GTTTCGGTTTCACTTCCGGT) in male hemizygous animals using the Expand High Fidelity PCR System (Roche) supplemented with 2 M Betaine (Sigma) and 5% dimethyl sulfoxide (DMSO; Fisher Scientific) as described previously (89) . As genotyping was performed on tail samples early in life, small expansions in repeat length may have occurred due to somatic instability in older animals (61) . Dissociated hippocampal neuron cultures were prepared from postnatal (P1-3) mice as previously described (90) . Experiments were performed at 14-17 days in vitro (DIV).
Drugs
(RS)-3,5-DHPG (Tocris) was prepared fresh each day in sterile water, or artificial cerebrospinal fluid (aCSF, in mM: 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 1 MgCl 2 , 2 CaCl 2 and 10 dextrose). Anisomycin (Sigma) was prepared as a 1000× stock in DMSO, stored at 2208C, and diluted to final concentration in aCSF or conditioned media. ′ AGAGGCGTACAGGGATAGCA). Samples were run in triplicate, and Fmr1 expression data normalized to actin expression for each sample.
Translational efficiency calculation
The translational efficiency ratio was calculated by deriving FMR1 mRNA expression levels determined by qRT -PCR from one cortex while total protein lysates were prepared from the contralateral cortex from the same animal. For each animal, cortical FMR1 mRNA expression (relative to actin) was normalized to the mean FMR1 mRNA expression in control cortices. Similarly, cortical FMRP levels were expressed as a ratio to actin expression and then normalized to the mean FMRP expression in control cortices. These numbers were then expressed as a ratio of normalized FMRP expression/normalized FMR1 mRNA expression. Finally, the mean value of this ratio in WT animals was set at 100 and all individual animal values were expressed as a percentage of this number.
Synaptoneurosomes
SNs were prepared from male P14-21 WT and CGG KI mice as described previously (18, 91 Mini protease inhibitor cocktail (Roche) on ice. Samples were passed through a 100 mm nylon mesh filter, followed by two 10 mm nylon mesh filters (Millipore), followed by centrifugation at 1000 g for 15 min at 48C. The pellets were suspended in 1.1 ml homogenization buffer per cortex. SN preparations were divided into 10 × 100 ml aliquots for technical duplicates, and pre-warmed for 10 min at 378C before stimulation with (RS)-3,5-DHPG (Tocris, 100 mM). After incubation with DHPG at 378C, samples were passed through a 28 gauge needle, and processed for western blotting as above. Expression of all samples was normalized to unstimulated samples maintained at 378C for 60 min and statistical significance was determined using a Kruskal-Wallis one-way analysis of variance. Similar results were observed when comparisons were done with pre-stimulated samples (i.e. samples from the same SN prep that were never warmed to 378C, data not shown).
Immunohistochemistry
Animals were anesthetized with 0.2 mg Ketamine/20 mg Xylazine per kilogram prior to transcardial perfusion (2 ml per min) with 5-10 ml of ice-cold sterile phosphate-buffered saline (PBS) and 5-10 ml of 4% paraformaldehyde (PFA) followed by brain dissection. Brains were sunk in 30% sucrose in PBS at 48C prior to sectioning with a vibratome at 30 mm. Freefloating sections were stored in cryostorage (30% sucrose, 33.33% ethylene glycol, 0.05 M PB pH 7.4) at 2208C. Sections were removed from cryostorage by rotating in PBS at 48C overnight. Sections were permeabilized in 0.1% Triton X in PBS for 5 min, followed by staining with DAPI (1:10 000) for 15 min at room temperature. Sections were washed 2× with PBS, and mounted on slides in ProLong w Gold Antifade Reagent with DAPI (Invitrogen).
Immunocytochemistry and microscopy
All experiments were conducted at 378C. Neurons were treated with anisomycin (40 mM) or vehicle (DMSO 1:1000) for 30 min in conditioned media. Cultures were then stimulated with DHPG (100 mM) for 20 min in the presence of anisomycin, or left as controls with vehicle, or with anisomycin alone. After treatment, neurons were fixed with warmed 4% PFA/ 4% sucrose in PBS with 1 mM MgCl 2 and 0.1 mM CaCl 2 (PBS-MC), permeabilized (0.1% Triton X in PBS-MC, 5 min), blocked with 5% normal goat serum in PBS-MC for 1 h and labeled with an antibody against FMRP (Millipore 1C3 1:200 or Abcam 17722 1:500). For co-labeling of dendrites, we used antibodies against Map2 (Sigma M4403 1:1000, Millipore AB5622 1:1000) for 60 min at RT, or overnight at 48C. Secondary detection was achieved with Alexa 488-, 555-or 635-conjugated goat anti-rabbit or goat antimouse antibodies (1:500 or 1:1000) for 60 min at RT.
Human Molecular
All imaging was performed on an inverted Olympus FV1000 laser scanning confocal microscope with identical acquisition parameters for each treatment condition. Image analysis was performed on maximal intensity z-projected images using custom-written analysis routines for ImageJ. Statistical analysis utilized a one-way analysis of variance (ANOVA) to detect differences across conditions within genotype. N ≈ 20-40/condition across multiple individual experiments for each genotype.
Electrophysiology
Hippocampal slices were prepared from P35 -42 male CGG KI mice and their male WT littermates. Mice were lightly anesthetized with isoflurane before decapitation. Then, the brain and hippocampal lobules were rapidly removed and placed in ice cold artificial cerebrospinal fluid [aCSF, containing in mM: 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 1 MgCl 2 , 2 CaCl 2 , 10 dextrose (pH 7.4) saturated with 95% O 2 , 5% CO 2 ]. Transverse slices (400 mm) of the hippocampus were cut using a tissue chopper (Stoelting, Wood Dale, IL, USA) and CA3 was surgically isolated from CA1 with a scalpel. Slices recovered for 2 -5 h at room temperature in a submersion chamber containing aCSF prior to recording. For recording, hippocampal slices were transferred to a recording chamber and continuously perfused at 328C with aCSF at a rate of 1 -2 ml/min.
Recording electrodes were pulled from borosilicate capillary glass (G150-4, Warner) and filled with aCSF. The recording pipette was placed in the middle of stratum radiatum of CA1. Synaptic responses were elicited using cluster stimulation electrodes (FHC, Bowdoin, ME, USA) placed in CA1stra-tum radiatum, lateral to the recording electrode. Current was delivered for 100 ms with an ISO-flex stimulator (AMPI, Jerusalem, Israel). Stable baseline responses were collected every 30 s (0.033 Hz) by using a stimulation intensity (20 -140 mA) yielding 50% of the maximal synaptic response. The fEPSP signal was amplified 1000 times with a DAM-50 DC differential amplifier (WPI) and filtered at 3 kHz. Recordings were collected at 10 kHz using Clampex 10.2 and analyzed using Clampfit 10.2 (Molecular Devices, Sunnyvale, CA, USA). For all experiments, the initial slope of each fEPSP was expressed as the percentage of the baseline average. Pooled data represent the mean fEPSP slope (+SEM). Statistical significance was determined using an independent t-test, P , 0.05.
